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Sorghum (Sorghum bicolor (L.) Moench) is a valuable crop worldwide, in part due to its wide range of genetic diversity and phenotypic traits. Diversified sorghum types are available for biomass, grain, or sugar production (24, 34) , which makes sorghum a versatile bioenergy crop (8, 41, 51) . Starch from grain sorghum and sugars from sweet sorghum are being used for ethanol production (38, 41, 52) . Sorghum biomass is expected to be included as feedstock for cellulosic biofuels in the near future (11, 49) . Pathogens pose a serious threat to the economic sustainability of grain or biomass production for bioenergy (23, 54) . Panicle pathogens can negatively impact grain yield, quality, and viability (10, 17, 32) . Root, stalk, and leaf pathogens can reduce biomass yield and cause lodging, which impairs harvest (12, 47) .
The primary components of plant cell walls are the polysaccharides cellulose and hemicellulose, which can be broken down into sugars and converted to ethanol. The third major component of plant cell walls is lignin, which is a polymer made up of aromatic subunits that are cross-linked to the hemicellulose moiety. This complex construction provides strength and rigidity to prevent degradation and, in the case of vascular cell walls, allows them to conduct water under negative pressure (1, 9) . Lignin may also play a defensive role against pathogens and insects, as a barrier to initial invasion or as an induced response to prevent spread (2, 4, 48) . Recently, however, by using lines with reduced lignin accumulation, this plant defense role has been challenged (43) .
Near-isogenic brown midrib (bmr)6 and bmr12 sorghum lines (in grain and forage) have been developed (35, 36) . The bmr mutations are described as "brown midrib" due to the reddish-brown discoloration of the midveins in maize, sorghum, and pearl millet associated with reduced lignin (44) . Incorporation of bmr6 or bmr12 into elite sorghum lines resulted in significantly reduced lignin content and increased digestibility of the lignocellulose tissue for ruminant animal feed or for bioenergy uses (31, 41) . Bmr6 encodes a cinnamyl alcohol dehydrogenase (39, 45) and Bmr12 encodes caffeic acid O-methyltransferase (5) . Both bmr6 and bmr12 alleles used in this study resulted from nonsense mutations within their respective genes, and are likely null alleles (5, 33, 39, 45) . Near-isogenic double-mutant lines having both bmr6 and bmr12 alleles were developed that are significantly reduced in lignin content as compared with either single bmr mutant lines and have increased efficiency in ethanol conversion of the biomass (13, 37) . Further studies using bmr6, bmr12, and bmr6 bmr12 plants showed that concentrations of both soluble (micrograms per gram dry weight) and cell-wall-bound (micrograms per gram of cell walls) phenolic compounds were altered in the bmr lines compared with their wild-type counterparts (33) , with bmr6 plants having the highest concentrations of free phenolic compounds overall. However, interactions were apparent between genetic background and bmr mutation that resulted in significant differences in the free phenolic profiles within the same mutation in different genetic backgrounds. In addition to reduced lignin content, both bmr mutants also resulted in altered monomeric composition of the lignin subunits (G, S, and H) relative to wild-type (33) .
Using bmr6 and bmr12 lines in five genetic backgrounds, it was previously shown that bmr lines were not more susceptible (e.g., no increased colonization) than the wild type, counter to previously held concepts (16, 19) . Fusarium spp. infected grain of bmr6 and bmr12 lines less frequently than wild-type lines. Two Fusarium spp. that commonly infect wild-type grain, Fusarium proliferatum and an F. incarnatum-F. equiseti species complex genotype, were significantly reduced or absent, respectively, in bmr12 grain (19) . When peduncles (the upper part of the stalk that supports the head) were inoculated with Fusarium thapsinum Klittich, J.F. Leslie, P.E.
Nelson & Marasas 1997 (current name Gibberella thapsina Klittich, J.F. Leslie, P.E. Nelson & Marasas), mean lesion length was significantly smaller on bmr plants across genetic backgrounds than on wild-type plants (16) . Additionally, fungal growth from dissected peduncles inoculated with six different fungal species showed that growth within and at the border of lesions formed on bmr12 plants was significantly greater than from that resulting on wild-type plants (19) . These results suggested that bmr12 plants may have reduced plant responses, such as anthocyanin pigmentation, resulting in smaller visible lesions (19, 20) .
In the present study, a basal stalk inoculation protocol was developed to more directly assess the effects of F. thapsinum stalk infection on lodging. Near-isogenic lines bmr6 and bmr12 and bmr6 bmr12 double-mutant plants in two genetic backgrounds (RTx430 and 'Wheatland') were tested for response to this stalk rot pathogen. Seven new bmr mutants, including the recently characterized bmr2-2 mutant (40), were also tested for response to peduncle inoculations compared with wild-type (BTx623) plants. As described above, bmr lines have altered levels of phenolic metabolites compared with the wild type. These compounds may have inhibitory effects on fungi (6, 21, 27) . Therefore, F. thapsinum and eight other fungal pathogens found in grain, leaves, or stalks of sorghum were tested for growth on phenolic metabolites.
These experiments were conducted to test the following hypotheses. First, bmr6, bmr12, and bmr6 bmr12 double-mutant lines are not more susceptible to F. thapsinum stalk inoculations than near-isogenic wild-type lines. Second, the new bmr lines are not more susceptible to F. thapsinum peduncle inoculations than the near-isogenic wild-type line. Finally, to address whether phenolic compounds increased in bmr lines provide a potential factor involved in resistance to sorghum pathogens, the third hypothesis is that sorghum fungal pathogens will be sensitive to at least one phenolic compound derived from the lignin biosynthesis pathway.
Materials and Methods
Fungal isolates. The fungal isolates utilized in this study are as follows. G. thapsina isolate numbers FRC-M-3790 and H03S-11-9 will be referred to by the more commonly used anamorph, F. thapsinum. The two isolates are similar in virulence on sorghum (19) ; FRC-M-3790 is a type isolate for the species, originally isolated from Mississippi (26) , and H03S-11-9 was obtained in Lincoln, NE, and is customarily used for greenhouse inoculations. F. thapsinum stalk inoculations of near-isogenic bmr lines. All inoculations were conducted at the University of Nebraska, Lincoln, Department of Plant Pathology greenhouse. A sorghum stalk inoculation technique was optimized for F. thapsinum. The fungal culture (isolate H03S-11-9) was prepared by inoculating sterile toothpicks in 5 ml of sterile full-strength PDB with a mycelium-covered agar plug from a PDA plate culture grown for 7 days. The broth-and-toothpick cultures were incubated for 2 weeks at 25°C (22) . To account for wound responses, control inoculations were conducted with sterile toothpicks incubated in sterile broth.
Wheatland plants were used in developing this stalk inoculation protocol. Greenhouse-produced seed were sown into 25.4-cmdiameter pots containing pasteurized soil mix (one part sand, one part coarse vermiculite, one part top soil, and two parts shredded peat moss). Seedlings were culled to one plant per pot. The assay was optimized by testing for inoculation site, inoculation time, and days after inoculation for disease progress assessment. For the first preliminary assay, two inoculation sites were attempted: brace roots or the stalk at the second internode above the brace roots. Times of inoculation were at internode differentiation (vegetative; 8 to 12 weeks after planting), boot (12 to 13 weeks), and anthesis (14 to 15 weeks), and times of disease progress assessment to measure lesion lengths were 18 (stalk inoculations only), 25, and 42 days after inoculation (dai). Based on results of the first test, brace root inoculations were inconsistent, and neither anthesis inoculations nor the 18-and 42-dai lesion measurements enhanced mean lesion lengths. Therefore, a second test using only stalk inoculations was designed with combinations of vegetative-or bootstage inoculations and 25-, 32-, and 39-dai lesion measurements. Statistical analyses (P = 0.03) confirmed that the most efficient and optimal protocol was to inoculate stalks at the second internode during the vegetative stage (approximately 10 weeks after planting). Lesion measurement time was chosen at 32 dai because mean lesions from this time were slightly larger than at 25 or 39 dai, although not significantly so (P ≥ 0.14).
To assess response of bmr near-isogenic lines to F. thapsinum stalk rot inoculations, wild-type, bmr6, bmr12, and bmr6 bmr12 double-mutant plants in the backgrounds RTx430 and Wheatland (36, 37) were inoculated with isolate H03S-11-9. Plants were grown from greenhouse-produced grain and fungal inoculum was prepared, as described above. Fungal inoculations were conducted on 10-week-old plants by gently pushing a surface-disinfested awl one-quarter of the diameter into the stalk in the middle of the second internode. A toothpick with fungal broth culture or sterile broth was inserted into the resulting hole. At 32 dai, the stalk was split and the length of the red to purple discoloration (defined as the "lesion") was measured. The experimental design was eight randomized complete blocks with 16 plants per block, combinations of two cultivars (RTx430 and Wheatland), four bmr genotypes (bmr6, bmr12, bmr6 bmr12, and the wild type), and two treatments (F. thapsinum and sterile broth). Individual plants or pots were considered the experimental unit. Replications were blocked by location within the greenhouse. The experiment was conducted at three different times: repetition number 1 was conducted July through September 2009, number 2 during November 2009 through February 2010, and number 3 from May through August 2010, for a total of 24 observations. The data were analyzed using the PROC MIXED procedure of SAS/STAT software (SAS and all other SAS Institute Inc. product or service names are registered trademarks or trademarks of SAS Institute Inc. in the United States and other countries) (42) . Data sets were analyzed for Levene's homogeneity of variance (HoV) and appropriate adjustments were incorporated using the REPEATED/GROUP option of PROC MIXED (42) . An initial analysis, keeping assay repetition a fixed effect, determined that there was no effect of repetition (P = 0.45) but there was an effect of repetition-treatment (P = 0.01) due to differences in broth control responses during the second repetition. Because the assays were conducted at different seasons, this could account for the differences in assay repetitions; thus, the three repetitions were combined. Additionally, there were effects of genetic background (P < 0.01) and genetic background-treatment interactions (P = 0.01). Therefore, results from RTx430 and Wheatland were analyzed separately. Least squares means (LSM) and standard error (SE) are reported.
F. thapsinum peduncle inoculations of new bmr lines. The bmr mutants 38, 100, 706, 1107, 1168, 1937, and bmr2-2 were identified from an ethyl methanesulfonate-mutagenized population of wild-type BTx623 and identified based on leaf midrib phenotype (53) . Lines were received as M 4 s of mutagenized grain then were selfed twice (706 and bmr2-2) or three times (all other lines). Plants were grown from greenhouse-produced grain as described above. Plants were inoculated essentially as previously described (22) . Peduncles of plants at anthesis (defined as half the anthers exerted) were wounded with a surface-disinfested awl by gently forming a shallow hole, and a toothpick with either a fungal broth culture or sterile broth was inserted into the hole. Eighteen days following inoculation, the peduncle was split longitudinally and the length of the red to purple discoloration (the lesion) was measured.
Fungus or broth-and-toothpick cultures were prepared as described above; all inocula for each assay were prepared at once. Greenhouse-grown grain were sown into soil mix in 25.4-cm pots. The new bmr lines had differing germination and development rates. Inoculations occurred at the same time; therefore, the plantings were staggered. Two assays were performed. For the first assay, lines 38, 100, 1107, 1168, 1937, and bmr2-2 and wild-type BTx623 were screened. Line 100 was planted 107 days prior to inoculation, lines 1107 and 1168 were planted 100 days prior to inoculation, lines bmr2-2 and 1168 were planted 95 days prior to inoculation, and line 38 and BTx623 were planted 85 days prior to inoculation. For the second assay, lines 706, 1107, 1168, 1937, and BTx623 were screened. Line 1937 was planted 116 days prior to inoculation, grain of lines 706 and 1107 were sown 100 days prior to inoculation, line 1168 was planted 92 days prior to inoculation, and seed of BTx623 were sown 85 days prior to inoculation. The assays were conducted October 2011 through March 2012 and October 2012 through February 2013. Each assay was analyzed using PROC MIXED procedure of SAS/STAT software (42) and results from the first assay were used to determine which lines to reexamine in the second assay; the bmr lines were chosen because the first assay results suggested that there may be differences in responses when compared with BTx623. Lines 1107, 1168, and 1937 and the parental cultivar BTx623 were screened in both assays; therefore, the data were combined and analyzed as above. The experimental designs for each assay were six randomized complete blocks with seven (assay number 1) or five (assay number 2) plant genotypes and two (fungal or broth) treatments. Due to a significant Levene's test of HoV, the REPEATED/GROUP option of PROC MIXED (42) was included so that all levels or values were estimated separately. LSM and SE are reported.
The assays were combined for lines 1107, 1168, and 1937 and the wild-type BTx623. When analyzed with assay as a fixed effect, there was a significant assay effect-assay treatment interaction (P ≤ 0.01) but there were no significant assay-entry or assay-entrytreatment interactions (P ≥ 0.20), suggesting that environmental factors may have affected the plant response to the pathogen but not plant genotype. LSM and SE are reported.
Response of in vitro fungal growth to phenolic compounds. F. thapsinum (isolate FRC-M-3790), F. verticillioides, F. solani, C. lunata, Alternaria sp., F. armeniacum, F. pallidoroseum, F. proliferatum, and M. phaseolina were grown on peptone-glucose agar (PGA) medium with one of the following compounds: ferulic acid (trans-4-hydroxy-3-methoxycinnamic acid; FA), vanillic acid (4-hydroxy-3methoxybenzoic acid; VA), sinapic acid (3,5-dimethoxy-4-hydroxycinnamic acid; SA), syringic acid (3,5-dimethoxy-4-hydroxybenzoic acid; SyrA), or caffeic acid (3,4-dihydroxycinnamic acid; CafA). FA was purchased from TCI America and all others from Sigma-Aldrich. The compounds were added to autoclaved, molten PGA as stocks made in methanol (MeOH; 100 mM SA) or ethanol (EtOH; 200 mM FA, 250 mM VA, 100 mM SyrA, or 250 mM CafA). For each phenolic, a range of concentrations was screened and then a subset of concentrations was chosen to conduct the assay. Amounts of MeOH or EtOH were kept constant for each phenolic. Full-strength PGA is 1% glucose, 0.5% peptone, 7 mM potassium phosphate monobasic, 2 mM magnesium sulfate heptahydrate, and 2.2% agar per liter. Peptone and agar were purchased from Becton, Dickinson and Co. and glucose and salts from Fisher Scientific. Media containing phenolic solution or alcohol was dispensed into 35-mm petri dishes. Plates with different concentrations of a given phenolic were color coded. Growth rates of each fungus on PGA and PGA with 3.5% EtOH, 7.5% EtOH, or 8% MeOH added when grown at 25°C were compared using SAS/STAT software (42) . F. pallidoroseum and F. verticillioides were affected by growth on both concentrations of EtOH (P ≤ 0.06). On 3% EtOH/97% PGA, F. pallidoroseum grew at 2.1 versus 2.4 mm day -1 on 97% PGA, and growth rates of F. verticillioides were 2.8 versus 3.4 mm day -1 , respectively. Growth for each fungus on 7.5% EtOH/92.5% PGA was similar to 3.5% EtOH. No fungi were negatively affected by growth on 8% MeOH/92% PGA but F. proliferatum grew significantly faster (P = 0.05) on MeOH: 3.3 mm day -1 versus 2.8 mm day -1 without MeOH. This analysis demonstrated that the addition of these two alcohols could affect growth rates, although neither significantly impacted the assays. Preparation 
was used to cut agar disks from each inoculum plate. One agar disk was placed on the edge of each test medium. Three plates per treatment (e.g., the treatments were plates containing differing concentrations of phenolics) were prepared for each fungus. Inoculated plates were incubated at 25°C in a moist chamber. To measure radial growth, radius from the agar plug was scored on the back of each plate using a scalpel. Daily, beginning at 0 days (the edge of the agar disk), growth was indicated by scoring along the radius under a dissecting microscope. Each assay tested fungal response to one phenolic; two, three, or four repetitions were conducted for each phenolic. Line graphs illustrating response of F. thapsinum to FA, SyrA, and CafA were constructed by calculating means and standard deviations at each time point for a representative assay.
The experimental design was completely randomized and each treatment combination was replicated three times. The first two repetitions to test fungal responses to FA and VA were somewhat variable whereas the two repetitions to test responses to SyrA, SA, and CafA were consistent. Therefore, four repetitions of the assay to test fungal response to FA were conducted and three were conducted for VA, whereas tests for responses to SyrA, SA, and CafA were conducted twice. Data were analyzed using PROC MIXED procedure of SAS/STAT software (42) . Response to each phenolic was analyzed separately. Repetitions of each assay were considered random effects. The KENWARD-ROGER option was specified to calculate denominator degrees of freedom because of heterogeneous variances and to reduce standard error and F-statistic bias (25, 30) . LSM were generated and the differences among media LSM were compared using the DIFF option. Phenolic concentration was considered a fixed effect in the model used to analyze radial growth, and measurements across time on the same plate were considered repeated measures. The KENWARD-ROGER option was again specified for estimating degrees of freedom. A linear model was used to estimate growth rate on each concentration. Slopes were output using the SOLUTION option and the NOINT option was used to force the intercept to zero at the initiation of the experiment. Confidence intervals for the slopes were set at P = 0.05 using the CL option. Comparisons among phenolic concentrations were made using single degree-of-freedom contrasts.
Results

F. thapsinum stalk inoculations of near-isogenic bmr lines.
There was a significant plant genotype-treatment interaction, apparently due to differences in genotype response to the broth control (P < 0.01) but not to the fungal treatment (P = 0.55). Therefore, each genetic line is shown separately in Figure 1 . There were Fig. 4. (continued from preceding page) no significant differences in mean lesion lengths of bmr lines and the wild type when inoculated with the fungus. However, in the case of Wheatland bmr6, mean lesion length resulting from inoculation with the fungus was not significantly different from the broth inoculation (P = 0.06) (Fig. 1B) ; this was not the case when comparing fungal and broth inoculations of RTx430 bmr6 plants (P < 0.01) (Fig. 1A) .
F. thapsinum peduncle inoculations of new bmr lines. In the first assay, six bmr lines were screened and mean lesion lengths were compared with wild-type BTx623 (Fig. 2A) ; none of the lines tested was more susceptible to F. thapsinum than BTx623. One line (1107) had mean lesion length significantly smaller than that on the wild-type line (P = 0.01). This line and two other promising lines (1168 and 1937) were tested in a second assay that included a seventh newly identified bmr line (706) obtained from the same mutant population (Fig. 2B) . Inoculations of the bmr lines 706, 1168, and 1937 yielded mean lesion lengths not significantly different than the wild-type line (P ≥ 0.07), and line 1107 again had mean lesion lengths significantly smaller than the wild type (P < 0.01). Results from both assays were combined for lines 1107, 1168, 1937, and BTx623 (Fig. 2C) , further supporting the observation that mean lesion lengths were not significantly different from the wild-type when inoculated with F. thapsinum, except for 1107, which consistently had shorter mean lesion length than the wild type.
Effects of lignin biosynthetic pathway intermediates on in vitro growth of F. thapsinum. Representative growth curves of F. thapsinum isolate FRC-M-3790 grown on FA, SyrA, and CafA are shown in Figure 3 and growth rates for F. thapsinum grown on FA, VA, SA, SyrA, and CafA are shown graphically in Figure 4A . When grown on varying concentrations of FA, the fungus was inhibited at higher concentrations (Fig. 3A) ; significant inhibition (P < 0.01) occurred at 2.5 mM (Fig. 4A) . VA appeared to stimulate growth of F. thapsinum; however, significant differences were not observed between the negative control and the lower concentration of VA (Fig. 4A) . The highest concentration of VA significantly reduced the growth rate of F. thapsinum (P < 0.01); whether this is biologically relevant is not clear. Higher concentrations of SA (≥4 mM) also reduced F. thapsinum growth rates (P < 0.01) when compared with the negative control (MeOH alone; Fig. 4A ). The addition of 5.0 or 7.5 mM SyrA to the medium resulted in significantly greater growth rates of F. thapsinum (P ≤ 0.01; Fig. 4A ). Inhibition of F. thapsinum by CafA occurred only at the highest concentration (10 mM; Figs. 3C and 4A) . The biological relevance of inhibition at these higher concentrations of phenolics is presently unclear.
Response of in vitro growth of fungi associated with sorghum to lignin biosynthetic pathway intermediates. All of the fungi tested were significantly inhibited by FA at the lower concentrations tested: Alternaria sp., F. pallidoroseum, F. proliferatum, F. verticillioides, and M. phaseolina at 0.5 mM and C. lunata, F. armeniacum, and F. solani at 1.0 mM ( Fig. 4B-I ; Supplementary Table S1 ). The growth rates of C. lunata, F. armeniacum, F. pallidoroseum, and M. phaseolina were unaffected by VA, SA, and SyrA at the lower concentrations tested (Fig. 4C-E and I ). For two closely related species, F. proliferatum and F. verticillioides, growth rates were similarly inhibited by the lower concentrations of FA, VA, and SA tested, unlike F. thapsinum, another closely related species (Fig. 4AF and H) . Growth rate of F. solani was significantly inhibited by VA (≥1.0 mM) and, at lower concentrations of SyrA, the growth of F. solani was induced (Fig. 4G) .
Discussion
This study demonstrated that none of the bmr lines tested were more susceptible than their corresponding wild-type lines to F. thapsinum. The bmr6, bmr12, and bmr6 bmr12 double-mutant lines in the backgrounds Wheatland and RTx430 are well-developed lines with the goal to provide genetic stocks for comparison of effects of these genes conferring reduced lignin (36, 37) and other beneficial consequences, such as increased digestibility and improved cellulosic ethanol yield (13, 31) . (Fig. 2) may have increased resistance to the highly virulent stalk pathogen F. thapsinum. At the present time, the genetic studies have not been completed to establish whether there is an association of bmr with increased resistance. Nonetheless, bmr line 1107 might be promising for breeding for stock rot resistant, reduced-lignin sorghum.
Previously, peduncle inoculations of bmr6 and bmr12 sorghum lines with significantly reduced lignin in six genetic backgrounds demonstrated that none of the lines were more susceptible than their respective wild-type parent, and bmr6 or bmr12 lines were more resistant to F. thapsinum than their respective wild-type lines in four backgrounds (16) . Infections of the peduncle could result in its breakage and loss of the grain (14) . To simulate infection at the base of the stalk by stalk rot fungi, which can result in lodging under field conditions, (7), a greenhouse stalk inoculation technique was developed and optimized for inoculations with F. thapsinum. This assay included a broth control inoculation to assess response to wounding commonly observed with sorghum (15) . Differences in wound response were observed between the two genetic backgrounds tested (Fig. 1) ; nonetheless, there was no indication that any of the bmr lines, including the double-mutant line, were more susceptible to F. thapsinum infection than nearisogenic wild-type lines.
It was previously observed that single-and double-mutant bmr lines exhibited changes in levels of certain phenolics within stalks of mature plants, as compared with near-isogenic wild-type parents (33) . It was proposed that these changes may contribute to lack of susceptibility or, in the case of some bmr lines, increased resistance, observed in this and previous studies (16, 19) . One possible effect of the change in phenolic composition in the plant is to directly inhibit growth of fungal pathogens. In the current work, this was addressed by growing F. thapsinum and eight other fungi found in association with sorghum with phenolics involved in the lignin pathway, in which cellular levels may be perturbed in bmr mutants (33) . With regard to eight of the sorghum isolates that included grain (Alternaria sp., C. lunata, and F. proliferatum), leaf (F. armeniacum and F. pallidoroseum), stalk (F. verticillioides and M. phaseolina), and soil (F. solani) isolates, they were all significantly reduced in growth rate on the lower concentrations of FA tested (Fig. 4B-I ). Palmer et al. (33) previously showed that FA was significantly increased in bmr6 in both backgrounds and in the Wheatland double-mutant bmr6 bmr12, relative to respective wildtype lines (33) . In the case of Wheatland bmr6, the mean level of FA was reported as 856 µg g -1 dry weight, approximately nine times that of wild-type Wheatland plants. Estimating water content in sorghum at 80%, this calculates to 0.88 mM FA, well within the significantly inhibitory levels observed in the present study for the eight fungi, other than F. thapsinum (Fig. 4) . Ferulic acid has also been suggested as playing a role in inhibition of F. graminearum on maize or wheat (3, 6) .
In the present study, two closely related species, F. verticillioides and F. proliferatum (50) , were inhibited by lower concentrations of several (F. verticillioides FA, VA, and SA) or all five phenolic compounds tested. Along with increased levels of FA in some bmr lines, concentrations of soluble VA and SA were previously shown to be similarly and significantly increased in bmr6 (Wheatland and RTx430), bmr12 (RTx430), and double-mutant (Wheatland and RTx430) lines (33) . Soluble concentrations of SyrA were also significantly increased in bmr6 and double-mutant lines of Wheatland and significantly increased in bmr6 RTx430 lines but decreased in bmr12 and double-mutant RTx430 lines. Meanwhile, soluble CafA concentrations were significantly increased in bmr6 and bmr12 but not the double-mutant Wheatland lines, while bmr6 and doublemutant RTx430 lines had significantly reduced CafA levels compared with corresponding wild-type lines (33) . Increased levels of VA, SA, SyrA, and CafA were not as great as that observed for FA in Wheatland bmr6 lines, as described above. In another study, it was also observed that some bmr lines had decreased infection by F. verticillioides (inoculated peduncles) and F. proliferatum (naturally infected grain) (19) . If VA, SA, SyrA, and CafA are involved in increased resistance, they may have a synergistic effect with one another, other phenylpropanoid intermediates or derivatives, or other pathways involved in defense responses (46) .
F. thapsinum, which is closely related to both F. proliferatum and F. verticillioides (28) , was only inhibited at the higher concentrations of FA, VA, SA, SyrA, and CafA. This observation suggests that F. thapsinum is relatively tolerant to changes in cellular levels of these compounds. Changes in concentrations of phenolic metabolites in bmr plants may contribute to resistance to F. verticillioides, F. solani, F. armeniacum, and Alternaria sp. previously observed in infected peduncles (19) ; however, the resistance to F. thapsinum, observed following peduncle inoculations (16, 19 , and the present work) may be due to factors other than direct involvement by the phenolic metabolites discussed here. It was previously proposed that F. thapsinum is highly specific to sorghum (18, 29) whereas other members of the G. fujikuroi species complex, which includes F. proliferatum and F. verticillioides, infect multiple grass species. F. thapsinum may have become tolerant to varying levels of phenolic compounds found in highly diverse sorghum genotypes. We previously proposed that mutations in the lignin pathway, which can elevate concentrations of phenolic intermediates and compounds derived from the lignin pathway (33) , may cause a shift of these metabolites toward other phenylpropanoid pathway branches such as aromatic phytoalexins or salicylic acid that are involved in defense (19) .
In summary, this study has provided further evidence that bmr does not result in increased stalk disease caused by F. thapsinum. By screening new bmr lines for response to F. thapsinum, it has been revealed that a new bmr mutant may be more resistant to this pathogen than the wild-type parent. This study also has provided in vitro evidence that FA can inhibit several fungi, providing a possible explanation for resistance previously observed in some bmr lines. However, the highly virulent sorghum pathogen F. thapsinum is relatively tolerant to this and to four other phenolics, suggesting that multiple mechanisms of resistance may be at play in these lines. Ferulic acid was added to peptone glucose agar (PGA) using a 200 mM stock prepared in ethanol (EtOH) to yield 2.4% EtOH in 97.6% PGA.
Supplementary
d Vanillic acid was added to PGA using a 250 mM stock prepared in EtOH to yield 3% EtOH in 97% PGA. Sinapic acid was added to PGA using a 100 mM stock prepared in methanol (MeOH) to yield 8% MeOH/92% PGA.
f Syringic acid was added to PGA using a 100 mM stock prepared in EtOH to yield 7.5% EtOH/92.5% PGA.
g Caffeic acid was added to PGA using a 250 mM stock prepared in EtOH to yield 4% EtOH in 96% PGA.
